LEGIBILITY NOTCE

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained In
DOE’s Rezearch and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


LA-1IR--89-1161
MY T
i ™ 1\ D89 011196

Ml\‘ o “‘3]

M LT on e o o e ey PR ey ly ol R g e - Bt e [eigpimp  f e, e TR T NG D

L | nifiITATI NS F O IRFRARED LACER SIECTN LY TR

WEMTOUIRY O ANT DACFN TEURD MINENT

(RN IR T Lo .“; i H LN LT L .l=.|| g N -..i.-'- L ||| 1 .
a. R Viawialh, 1 st Verl el orrin, Yo
ve i b T aleren e o T puege ARG L

et ot Y ol vl s Mabsgy , "uln

sy Tt

DISCLAIMER

This iopnut wa- pepareal 5 woomn® 2 aoh cumwsied by nogpeme e A the | miied Satr.
twarinnunl “erilher e U nited Sl ple s inmmnt e amy e e Hwenod e any of Then
smpbnrs maber o 2 primiy eapress o onpded o o s oamy kpal okl o0
ity -w il oMt e, comp Iemae 0 arluine od ey bamaten g slu. puslml oo
pesene fiahrad w orpieant. that 1 ga wemkl md hanpge e atels wmned gkl Helee
st brpeam b aRe et i el premg s @ o aivwe by b onoee Tpekomak,
munininer o dherwrad has el aesenanly coeprgiate 4 pnph 1 b tneet inoom
munditen v Povegang bn the | mplesd Sdale Cmnomommt o0 s gpe iy llwind The omvw.
il qunem. 0 il capn eadl i b medl o meevegnily date ow otk s o e
U mtnd Shales G rnment od smy sy deoid

L A L g msoagel gy ] e . i, T n ot T g o m
[ YL T ' [T '
[ 1. e monom gy LIRR 1 oA ] . Mg 1 I m Yy g temr Mg,

o\
I co Y s e ol (« 2 LosAkmos Natonall aboratory
| ARLN (WA '“I H ‘I].“ n“ "V lon Alimos Mow Mosico 87815

e . T AT AL . -
?“'l\\‘:?\ ' g b it INMEND R


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


APPLICATIONS OF INFRARED LASER SPECTROSCOPY
TO LASER CHEMISTRY AND LASER DEVELOPMENT

Robin $. McDowell

niversitv of Callfornia, lLos Alamos Narional Laboratorv.
s Alumos, New Mexico 87545, U3 A.

ABSTRACT

The impict on infrared molecular spectroscopy of hiph resolurlon
tunable laser sources and laser-controlled Fourler-transform shectrom-
eters is discussed, wicth special reference to rovibrational spectra ot
spherical-top molecules such as CH,, 0sO,, SiF,. SF,, and UF.. The
role of tunabl~ laser spectroscopy in analyzing the CF, laser, result-
ing In the precise prediction of lasing frequencies between nus and
055 cm !, is described. Studies of overtone and comblnation bands ol
5F, enable the vibrational anharmonicity to be derermined, restlring
in a more detailed description of the pump transitions involved In
lagser photochemistrv, and of hkigher vibrational levels and parhwavs to
oxclitation and dissoclaction. This permlts more accurate calculations
of vibrational state densities for spherical-top molecules. Impllca-
tions for rhe photochemistry of specles such as SLF ., SF,, UF, uand
NI(CO), are Jdiscussed.

1. INTRODUCTION

During the last quarter century the development of lasers has
had a great Llmpact on the fleld ot molecular spectroscopy. Shortly
after the Invention of lasers in 1960, these [ntense, monochromatic
light sources were applied to Raman s;pectroscopy. Cumbersome Toronto
mercury Jdrces were quickly replaced by lasers, and the ticld underwent
4 renaissance that continues today.

Applications of lasers to Infrared spectroscopy had to awalt the
Jdevelopment of tunable sources. These Legan to appear about 1970, and
their development over the next decade resulted In the emergence of
several classes ol tunable lasers whose sefulness In the infrared I+
now woell established. A significant ftraction ot all work In fnfrared
apeetroscopy hew  {nvelvas the direct use of tunable monochiomat i
wonrees, and [t one conslders In addition spectra recorded with Inte
terometers, whose optical path ditferences are monltored with fixed
tiequency lasers, the [mpact of laders on ‘he ticld 14 overwhelming
A heneliclal synerglsm has resulted, In which studles ot atorie and
mlecular energy levels have In turn led te the development ol new
Laser Jvstemy

Fhe high energy density avrilable trom Dasers has also 1eeenln
trantzed the tleld of photochemlstry, as Intense somees have  heen
el To pump speciile polecular bransitions ap o to hiphly exerted
wrates, and on to ddssociat lon. This has plven new sipnilicanee to



higher vibrational sctates, vibrational ladders, and Jderails ot anhar
monicity, and these srudies have been possible only hecause of the
{teredse in resolution that lasers have brought to the infrured rewion
vt the specrrum.

A tull creatrent of rhe related flelds of molecular spec-
troscopy, tunable lasers, and laser photochemistry would hy now
require several volumes, and certdinlvy won’t be atrempted here.  We
will sonsider instead some of the research in these areas conductied ot
tos Alamos over the last 15 vears, concentrating on those aspecis fna
best illustrate the interdependence of spectroscopy, lasers, and pho-
tuchemiscry, [t happens that much of the work descrihed here involwves
‘pherical-rop molecules ({.a., those vith three equal moments ot [ner
tia). we wlll emphasize spectra of molecules of this class having
tetrahedral (XY)) or octahedral (XY,) svmmetrv, hut rhe principles
involved are more broadlvy applicable, and references will Le provided
to literature wealing with other specles.

. HIGH-RESOLUTION INFRARED TECHNIQUES

I'ntil about a genevation ago, all Infrared spectroscopv was cuar-
ried out with dispersive spectrometars that used prisms or ditfraction
pratings as the dispersive elcments. Prism Instruments can achieve
resolut lons of no batter than about 1 cm' near wavelengths of maximum
Jdlspersion, and usually signiflcantly poorer than this. Gratlng resa-
lution varies less with wavenumbar, and can be of the order of several
renths of 4 ~m' Ffor commercial spectrometers, though some speciallw
huilt rescarch Instruments can with diffliculty resolve a few han
dredths of a cm!

These values should bhe compared with typleal linewldths  of
irfrared 'ransiticns In gaseous molecules, At low pressures, tor
which colllsion broadening is negligible, the full Doppler width at
alt maximum absorption (fwhm) I3 glven by Ay = /.16x10 wiT/M¢ ¥,
where the transitlon frequencv » 18 in cm L the molecular welpht M in
i, and the temperature T It K. S0 lines {n the vovibratlonal sipee
tium ot SF, at 10 pm and room temperature will have fwhm ot ca. 0 nul
em ', an order of magnitude less than the resolution of the best prat
ing tescarch spactrometers, We can suce why Improved resolution has
been 4 constant concern of infrared spectrogcoplstsy,

Sl Fourler-Translform Spectrometers

A century ago A, A, Michalson Invented the Michelson interteron
eter, In which Tight strikes a partiall: retlecting heamsplitter plate
at an angle of 4%° and Is divided Into two beams which e retarned hy
alrtors and recombinad a2t the heamsplitter The lntensity of the
pevombined and (ntertering beamy, 1ecorded ag a functian of the opri
cal path ditterence as one mhivor 15 moved, vields anoonte rerogr an
M helwon recapnlced, as did Lord Ravleipgh, that  tiom the  Foaurm
ranstorm of  aach an loterterogram one could in prineiple ecover the
devtred spectium, L e, the somnee intensfty a5 functlioen ol waue
femeth Howevey . computat fonal  difticaltles In cavesying ot thae



transform rendered this technique lmpracricable except tor certain
spevialized studies of the tlae structure ot atomic lines,

n the 1Y%’y two discoveries renewed interest in potential
irpLrcations ot Fourier-transtorm spectrometers (FTS's), Fellgert
caephasiced the sulriplex advantuage of inrerferometers over spectrome-
ers, in that the former record informarion from all spectral elements

vimilzanceously instead ot sequentially., At the same time, as shown by
“acquinot . interterometers have a throughput advantage, passing much
ervater 'ight tlux for a given resolving power. The comput.at [onal

mioblems were reduced by the discovery of the fast Fourier transtorm
heye Voonlevy and Tukey In 19ne: and with the readv availability ot Inex-
pensive computers, FTS became thie accepted tachnique for high-pertor-
Mance  intrared spectroscopy. Several texts treat modern Fourier-
‘ranstorm spedtroscnpy In detatl . 4

Most intrared spectrometers marketed today are actually Michel-
som imterteromaiers with an assoclated computer to perform the Fourler
transtorm and handle and display the spec:iral outnut. These have heen
designed to meet a broad range of requlrements, from routine analyseas
tor which low resolutlion s adequate, to research instruments, ot
whirh the most recently announced clalms a resolution of 0.002 cm!.

' 2 The [us Alamos Fourler-Transform Spuctrometer

In addition to the commerclal Instruments mentioned above, :pe-
‘{al purpose high-pertormance Fourler-transtorm spectrompeters have
wen designed and bhuilt In several laboratorieu. FExamples are lames
Brault’y FTS at Kitt Peak National Obsgervatory, Arlznnn'; cuy
Gielackvill’y In erterometers at Unlversite de Parls-Sud*; and .Jvrki
Kaupplinen’s mld- and tar-infrared spectrometers at the lniversity of
oulu,  Flonland.’? We will describea heie another s#duch instrument,
recently bullt at Los Alamos Natlonal laboratory Ly Ryron Palmer, with
desipgn consultatlon by Jim Brault 8./

fhe lLos Alamos {ustrument was desipned to provide the hest
aviallable spectral resolution, signal 1o notse ratlo, and photometrle
accwracy, from 200 nm In the ultraviciet to 20 um and beyond in the
mid Infrarved, It conslists ot a two-arm folded-path Afchelson Inter.
lerometer with two moving cat’s-eve retloectors; the optleal system is
whown In Flyg. 1. This arrangement avolds the necessity tor [regquent
dvnamic allgnment, as 1y required w.th other mlrror svsatems, fach
mirror travels about 1 m for a total optical path diffecence of 0o,
tesulting In a resolutlfon of 0,009% em ' (1 e, reunlving powers of 107
ta 100 A double pass svstem will ifmprove the redolutlon ta o ol
vm  owhen requirved, though 1t has not yet been operat «b o this mode

Me mirror can lageos e moved oo horlzoat b ofl bhearings by
linear notms at constant veloclry, oo ol sisrve gystem based oon oo
Atabibieed Seeman split He Ne Laier controls plesoclectrie elements on
the cat - eve secondaties, providing tHone motion control with 1o
quency pesponse tooa kb The miitor positions e monitored o
within VAL resulting i oa wavenimber acouracy ol 107 om ' he panas
ot beamsplitters are mounced on a vovating et allowing A heren



Fig. 1. Optical system of the Los Alamos Fourier-transform spec-
trometer, showing the cat's-eve reflectors (a), beam splitter tur-
ret ( h), fulding mirrors (c), collimatring optics (d), and detector
vptivs (e). The mirrors (a) and (c) are 8 in (20 cm) in diameter.
Iliustration from Palmer.’

spectral reglons toc he conveniently accessed. The eutire assemblv is
vontained [n a 14 < ' fr cyllndrical vacuum tank, so that absorption
diue to atmospheric gases ls avoided.

_ The dJdigitizing eclectronics have a 22-bit dynamic range 4 -
10"y, vielding an intensity preclslon o: the order of 0.1%. The
instrument is controlled by Macintosh computers, which perform the
tast Fourier transforms ot rthe (nterferograms, display the spectra,
senerate line tiley, fit line proflles, etc. The maximum number ol
points [4 4 milllon, limited by disk storage, and a transtform of this
sice toquires 2.3 hr to compute.

The los Alamos FTS has been operatlonal In the ultraviolet
‘hrough near-infrared reglons for two vears. and ltull mld-Infrarved
oporat 'on commenced early In 1989, The Instrument has satlstactorlly
met ity desipn speclficatlons throughout 1ts wavenumber range.

Figure 2 Illustrates a portlon ol the methane tundamental oriaci
mat ing, at 1010 cm ' recorded to test the rvesolutfon of the [narm

went, here nominally 0 00% cm ! as caleulated from the maximum opti
cal path difterence The only line-hroadenlng mechanism ethective a2
‘hiw low pressure [s that due to the Doppler etfect, calenlaved from
"he evpresslon pliven above to bhe 00,0097 ecm ' Taklng, the roart -nm

wprite of the instrumental and Doppler widths vields an espected fwhm
at 0 om ' which compares satistactortly with measared Tinewidehes
at oo a1l v 0ol em ) oin Fiy 2! The tensor splitting ol this Pono
rannction into six o companent 1ned 14 due to centobbapal o etbeers, and
v s haracter batle of siphertieal top moleenles,  we will enconnter athes



examples of his in the tollowing j
e tinns ) A J
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corded with the los Alumos Fourier- r B
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hotrom is in cm - _,:_“ 2959

+ ) Tunable lLaser Sources

while the hest interferometers can achleve resolutiom of 'he
atder ot 10! ¢m*, there are many situations in which still higher
intrvared resolution is useful: for example. in precise stulies of line
vontours and intensiries, and for spectroscopy of heavv molecules in
the vapor phase. Since FTS resolution is direcrly proportional to the
maximum optical poarh dlfference, a point is reached at wnlch anv fur-
ther improvement entails tormidable opcical and mechanical design dif-
ficulties with the moving mirror(s). Spectroscopists then turn to
tunable lusers, which have been developed into very usetul spectro-
scuople touls over the last 20 years. The technique 1is conceptually
vervy simple: radiation trom an essentiallvy monochromatic source is
t1ssed through the sample, without :(he need for anv spectrometer or
interferomarer, ind the spectrum (s obtained by tuning the output ftre-
rjueney ot the source. (This apparent simplification ls somewhat coun-
teracived by the facr that tunable lasars tend to be complex and frac-
‘ions devlces with thelr own difficulties that must be dealt with.)

Tnnable laser spectroscopy has generaterd .n immense literatwure.
Hore wa will only brietly outline the devices aveilable, and reter the
teader o reviews coverling tunable sources rhemselves uand the tvpes of
peviroscopic investigations that are being carrted cut with them. V!

Tunable lasers that have heen used In spectroscopy are listed in
fable 1.7 Several other devices or techniques uave been Invest [pated
! never tully developed for high-resolution speclroscopy: polaritaon
Visers, optlcal parametric mixing, four-wave parametric mixing.
“ibronle transltlon lasers, atc.; for detalls see the review papers
“ited ™! The coverage given In Table 1 |5 the wavelength reglon tm
shich Jlaser action has been demonstrated, which doesn’t necessarily
cmple that a useful spectroscople technlque has beon developed.  Fig
eV whows those reglons In which the results of hlpgh resomtion
~pectraseapic studies have actualty been reported, and [ a more teal
thtve eaide to the spectral coverape avatlable, Also shown in Fig,
oo tooweh icdicatlon ot the percentage of papers in which the savions

sechinpgues have been used

Fhe fmportant conelusion to he dawn from Fable 1ol Fie 4 0
‘hat unabie Laser sources are available to cover much of the mid



Table ! Spactroscoplcally Useful

Tunable Laser Sources

Tvplcal

Maximum
Coverage resolution W power
LR 1 \4m) \Cm ) UH
Semiconductor Jdiode lasers 0.4-34% 2x10 8 10!
d§ LdSers,
waveguide 0, lasers 9-11* x107’ 1
Z“eeman-tuned gas lasers 0.6-9* 1x10 * 10!
Spin-flip Raman lasers 5.0-6.5 1x10 ® 0.1
Nonlinear optical mixing techniques:
Ditference frequency generation 0.7-24.) 1x10™* 10 *
Tunable sideband generation 1.4 2x10°° ?
9.1-11.3 1<10 3 10"
‘olor-venter lasers 0.35-4.0 9x10 ® 10 2
' Tunable onlv near discrete lines in this region.
Wave Number (cm™!)
18000 5000 2000 1000 500 Joo 200
'rI—V-T A B r‘f 1*""—f fﬁ '
Dioda lasers | 70
3
— w==  Cawvity-tuned 2 5
== Waveguide COy¢" Gas lasers 1
- - Zeeman-tuned 3 §.
a
=  Spin-lip Raman laser 4 3
Q
w———— [)H{erence-frequency specirometer 12 g
c
. === Tunable sideband 2 ié’
(1.r. -Mwave mixing) CQL’
=== (,olor-center laners 6
i 1 | B B U G | - 1 ! A
! 2 3 5 10 20 30 50
Wavelength (1 m)

Fig 3. Reglons of demonstrated spectroscople coverage ol variows
‘‘mable high-resolurfon Infrared laser sources.

e loss

than the Doppler widths of most molecules, Many of
are readily tunable over only very lilmited wavelenpgih ranges,
vl consiequent Iy FTS instruments are often prefterable; bt when 1o
Stion jsoat a premivum the tunable lasers are Invaluable. o the 1ol
Towiny, et fons we wlll dlscuss diflerent research areas in which
vt ther intertviometers wore the cechnlique ol

Lasers on cholen,



3 IMPACT vF HIGH-RESOLUTION INFRARED SPECTROSCOPY

! 1 Sulfur texarluoride

SF, has .un intense stretching fundamental at 948 c¢m'*, which
coerlaps manv of the emission lines of the CO, 10.4-um laser band.
Severai teatures of this fundamental contributed to making it one ot
the most rhoroughlv-studied molecular ctransitions. soon atrer rhe
fevelpment of iunable diode lasers: the relatively large moment ot
irerria of SF, rauses very closely-spaced rotational strucrure that
vuan not he reésclved bv traditional spectroscopy: another censequence
wt this is that total angular momentum states up to .J=100 and above
ire readilv accessible at room temperature, and such states can not he
vbserved in light molecules such as CH : many interactions between SF,
And €0, laser radiation had been investigated, such as saturation,
self-induced transparency, optical nucation, photon echoes, 0Q-switch-
ing, double resonance., laser-induced fluorescence and dissociation,
and isot.ope separation,'’ and the identity of the precise SF, transl-
tions pumped in these experiments was In question; and, finally, SF_
was a1 useful prototype molecule for species such as UF,, which was
being considered for laser isotope separation, and which has an even
more complex spectrum than does SF,.

Figure 4 illustratea the fundamental in question at resolutions
of ca. 10, 0,07, 0.001, and 10" cm™., It consists of poorly-resolved
P. Q. and R branches, in each of which the J manifolds are split into
their tensor components as ls P(6) of methane in Fig. 2. But much
hivher J manifolds are populated in SF,, and the spacing between them
is such that they overlap in the P and R branches beginning at J - ..,
50 SF, exhibits a much more complex rovibrational spectrum than doues a
hyvidride molecule sucn as CII,‘, as panel (c) of Flg. 4 indicates. Evun
an apparently single rcransition ar Doppler-limited resolution shows
rurther structure when sub-Doppler saturation spectroscopy i
vmploved, panel (d).

In the late 1970's tunable diode lasers ware used to resolve the
itructure across much of the SF, band at the Doppler llmlt, and many
thousands of Llines were assigned.'''? [n Q-branch reglons such s
‘hat shown in parel (e¢) of Flg. 4, whare line overlup ls extreme, spe-
vial techniques were developed for making assignments, [ncluding band
avnthesis by |.'umpul:er.u As a result of this work, the spectrascopic
constants of thls band were accurately determined.'’ At the same
vime, Fourier-transform and diode-laser speectra of the hending f.da-

rental w o oat 6195 cm! were bhelng analvzed, Including lines up tn
i ! |||'_:l.

rhe mosr recent analysls of v was made by Bobin et al. '’ who
tit rhe spectroscopic constants to 136 transltlons acenrately measuted
Ly nateatlon spectroscopy with uncertainties of 5 kile ¢ = 10 em "y
ey obtained M oconstants with anprecadentod preocision; lor .-x.-lunpl--_
She gronnd state aotational constant R ~ 0O.0N08qa, 00110y em Y, el
“he band ovitin i v, - 9ad 1029 4i(a) em . These ancertaint ies com
care with o surpass even those abtainable trom microwave spectioseaps
<hich ot course can uot be uked for spherleal top molecules, which
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Fig. 4. The Infrared-active stretching Ffundamental v,k of SF, as Ir
appedars with Increasing resolving power. (a) Early prism spectrum
‘Fucken & Ahrens, 1934), (b) Spectrum at 0.0/ cm! resolution
‘Brunet & Perez, 1969). (c) A portion of the O branch recorded
with 1« tunable semiconductor dlode Llaser (Hinklev, 19/0): laser
linewidth <10 em !, but the etfective resolution is fhe Doppler
width ot 0,001 em ', (d) Sub-Doppler saturation spectrum recorded
vin the derlvative mode) Inside the galn proflle of the Poloy Hne
ol a0, laser (Clairon & Henry, 1977); etlective resolution - 1n"
cm From Retorence H.



lack permanent dipole moments).

Considering the high-resolurion spectroscopy of the higher
wibrational levels of SF, that will be discussed in §5, tocgether with
nther work such as 5L1mulated Raman gain spectroscopy of the infrared-
inictive fundamentals.-? the spectroscopic propertiss eI SF, are per-
haps better known chan those of any other molecule. This work has. in
Tarn, preatly stimulaced theoretical investigations into the analvsis
of rovibiational energy levels and transitions, and the development of

model Hamiltonians that can adequately account for data of this preci-
sion.

3.2 Tdentification of Laser-Pumped Transitions

One of the -easons for detailed rovibrational studies in the
infrared is the importaace of knowing just what transitions are pumped
bv laser radiation in the types of experiments mentioned in the first
paragraph of §3.1. Since the 00°1-[10°,02%] CO, laser transitions
tbetween 900 and 1100 em™! for 12C”Oz) are the most useful source of
intense monochromatic light in the mid-infrared, many molecules that
absorb in the 9-11 um region have been intensively studied.®®

The initial work on SFsu'n identified the specific transitions
that d4re in resonance with the six CO laser lines from P(12) [951.1Y
cm’t, near R(66) of SF,] to P(22) (942. 58 cm ', near P(84) of SF gl. For
example, the triplec at 947.7417 cm! in panel (d) of Fig. 4 LOHSISCS
of the F -E’+F,’ lines of Q(38), and the center of these is detuned
from LO P(16) by -7 MHz = -2 x 10* cm .2  These assignments immedi-
atelv answered some questions about the nature of pulse breakup in
self-induced riansparency experiments. It was apparent that ideal
pulse breakup requires only near-coincidence with a nonoverlapped P or
R transition, not necessarily a nundegenerate one, as some had sus-
pected.’® Since then Bobin et al.’’ have assigned more SFB lines near
the CO frequencies, have also measured some near R(10) of the NO
.1ser and have predicted those near emission frequencies of the

%0¢ a0 lZCmO A:'(.150 and Ici® 0, lasers.

The rovibrational spectra of several other molecules that absorb
ln the CO, laser region have peen reported. The v,/v, bending dlad of
'D was reuorded with a Fourier-transform Ilnstrument at a resolution
of 0.04 cm' ' and analyzed.!? This band is of interest In connection
#ith intrared-radiofrequency double resonance experiments; SFJTH-IO
w'ule rotational relaxation®®: and because several verv close 'll),'”
“nincidences may be useful in the rapid, inexpensive detection and
immalvsis of l‘CDﬁ. 4 sensitive nonradioactive atmospheric tracer usceinl
in gonitoring alr-mass movements.

Another well-studied molecule is 0s0,, whose v, tundamental is
it 961 cm'. From an analvsis of Fourier-transform and tunable dfole
lLaser pectra of {"’Osﬂ‘, lgqﬂsoh. and :9ﬁ350~, transitions ot all iso-
topic species rthat were expected to fall near €O, laser lines were
calvulated, ! Recently a more detailed dlhllV*-Lb wias  made  wsing
Bivher-resolution Fourier-transform data on natural Hunhf“ Thi s
walecale ig of particealar interest hecause unlike most other spherical



tops. its ligand atoms have zero nuclear spin. and consequentiv oniv

rotational levels of A svmmetry exist. For example. no transitions
sccur in 0s0  corresponding o the F+E+F triplet at 947 7417 cm * in
sF. Fig +ud)’'. This grearly simplifies the rovibrational spectrum
~oampared with molecules such as CH, and SF,. Figure 5 illustractes
this at the beginning of the Q branch. Since there are no A levels
for i = 1, 2, and 5, the Q branch starts with the rfransitions Q¢3),
S S A e the usual Q(l) line very close to the band origin v,
= 150,705 em'C is missing. "Q(0) is, of course. not dipole-allowed in
iany case, And, for example, Q(17) has two lines in 0s0, (A,.so-A:“),

compared with 13 (A,+A,+JE+5F +4F,) in other spherical tops.

8!
l - B Fig. 5. Start
2 " 3 . . of the Q branch
™ ' - a8 (LT ATTRU VI . of szsOQ re-
* . .. . Wi T . ' !
' e A - — —— corded with a
A i
u - amt - tunable semi-
v A 'y L N Apl conductor diode
o L o A [P iy \"t at a gas tem-
| Lo ' : t .'.A' ,".‘ . v % perature of 245
: ' L W K. Lines are
L v " L8, ) identified with
- J ’ .

. s N the notation
: Y (15),, = Q@15

! Y 1
\ . A,", etc. The
¢ Doppler  Ewhn,
6.7 x 107" em!,
Is indicated by
A8 56 57 8 69 o n~ D. From Refer-

WAVENUMBER, :m-! ence 21.

The v, fundamental of SiF, at 1031 em’! is another that has been
itudied specifically to 1identify CO, laser coincidences.?*:* Both
Doppler-limicted diode spectra and sub-Doppler saturatlon spectra were
obtained, and <eparate fits to the two sets of data yielded nearly
ilentical spectroscopic conslants. [t was shown that the €O, P(ih)
laser line does not coincide with any ground-state transiticn of SIF ,
*hus probably accounting for earlier unsuccessful attempts using thisq
jrunp [requency to induce an isotopically-sel:ctive SIF ¢+ I, reaction.

Finally, mention should be made of the v, stretch ot L?l-‘ﬁ.""j This
s 1t 628 em ', well outside the €0, region, but is of interest ftor
trn potent ial rksetulness in che laser isotope separation ol uranium.
Saperiment s oon UKo included exelting it with the CF  laser, and the
coact transitions pumped were ot ecourse ot , cat importance.  The CF,
Cyner frgell will boe disenssed in the next s jon.



. SPECTROSCOPY OF LINE-TUNABLE GAS LASERS: CF,

A proper uncersctanding of any optically-pumped molecular i.ts
Yaser svstim requires a detailed analysis of the rovibrational enerav
‘vvels involved in the pump and laser transiticna. Much work on the
ipecrroscopy of such molecules as HF, CO, COZ, Cﬂh, CH,OH, and CD, has
been stimulated by interest in cheir lasing properties. A discussion
ot the uanalvsis of one specific laser moleculae, CFE, will illustr. te
‘he close Iinteracrion between molecular spectroscopy and laser devel-
apment.

“hen the combination band v,+v, of CF  at 1066 cm' is pumped by
the 9.4-um €O, laser, stimulated emlission on the ("z“’u) - ¥, otransi-
rion produces many discrete laser lines in the region 605 to 655 c¢m'.
Analvsis of this systam started with a tunable diode laser study of
the v, tv, Eump band, which allowed rough estimates of the lasing Ire-
quencles.? These frequencieg were then measured with a l-m grating
monochromator to an accuracy of £0.2 cm’}, ylelding a prellmlnary
determiniation of the spectroscopic constants of the Infrared-inactive
v, fundamental.?’ Diode laser spectra of the v, region®® finally led to
rhe Jdentification of a serles of (v ) o+ v, hot-band transltions,
corresponding to many of the laser llnes but now seen in absorptlion
rather than emission.?® From these data the spectroscopic constants
were refined, and it was possible to predict, for any given €O, pump
transition between 1050 and 1085 cm’!, the resulting laser line or
lines with an accuracy of 0.0! tec 0.003 ca’!.*?

Une of the strongest CF~ laser lines is at 415 cm}, obtalned by

pwoing with 0, R(12). Figure 5 shows the transitions Invelved:
R(12) s nearly resonanr with a strong line (actually a A+EF cluster)
ot 'F , deruned by only 19 MHz = 6 x 10" ca!, and {dentitled .y
helonging to R'c29) of v b, [Since the F, ("Inactive™) and F,
~intrared-acrive) sublevels of v, tv, are separated by only 0.%8 ¢’
thev dre stronply mixed, and the resulting band exhibits all nine pos
sible subbranches of a spherical-top transition, Instead ot only R,
G, and P as for a rundamental. | This rtransitlion Is shown on the
vight side of F.g. 6: the upper-state ¢ level ot J' = 30 Q4 populated,
and stimul.ted emission occurs on the cransitlon to J = 1 ot v, pro-
ducing the laser lina P'(31) at 615.03 em'. [t the €O, laser has .
linewidth of a few hundred MHz, 1t l. apparent from Flp. 6 that

R4 line of CF, will also be pumped; thls results To a difterent,

weakor, laser line, P'(30) at 615./0 cm I In many ciases t(wo nearly
conneident pomp trangitions will belong to ditf{erent bnanches, .ol
clve ise to laser omlssion at widely separated {requencies.  Some -t

chgerved laser transitions have thuy heen accounted for in derail, ind
las become possible to search for pump lines ot lsotorie o tasors
“har will produce specitic output arequencies In the 16 am repion.

HICHER VIBRATIONAL LEVEDS AND AJHARMONLCTTY

vooveer anes ol Pump Trans it lons and Multiphoton Ladder

Mot molecales have only a few strong, abeorptions which e 1,
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DE TUNING (GHz) (Right) Energy-level dlagram for t(he

nlr-em' ilne of the '®, laser, wlth the total angular momentum
quantum numbers {in *he vibrational ground state, v,tv, , aud v

denoted by J_), J', and J, respectively. From Refs. 26, 27, 29.

thoe proper wavelength region to be considered as pump frequencles tor

photochemistry cxperlments. For ctetrahedral (XY,) and octaliedral
:X7,) specles these tend to be the Infrared-active stretching funda
mentals, which (by coincldence) are designated v, in both cases. In

particular, v, ot 0s0, (961 cm’), SIF (1031 em?), and SF, (948 cm )
all tall in the region of (201 laser emission, and have been the
abjects of numerous pumping oxperiments. After one of these moloecules
absorhs a v, photon, the next exclitation is 2v, ¢ v, and then b o
Jirye vte s exeltation takes place up the nv ladder, vith some lealkaps
intao  adjoining vibrational states, until the quasicontinuum is
teached, by which polat numerous nearly-colneident vibratlonal sitates
ire aceessinle. The exact nature ot the lower portioens of this ladde
will determine the physfical and photochemfcal bhenavior of the mole
calew ays they abygorb the pump fregquency.,

In considering the structure of o pher vibratfonal states in
slovical-top molecules, three etfects must he consfdered: o1y Vil
tronmal anharmoniclty, which displaces 2 overtone () from ity hoa
aotie trequeney: (w 3= nev o boam DX where X o 1s an anharmonieitey
constant casually negative) . () The splitting of hilpgher states into
and Loy For a wvibrational fundamental of symmetaiy o, casuch anoe
T the tirst and second overtones .'u‘ and h:| have the Lewel
RN BT ITET 4\: cl-flol-‘__ anel :\'.”0.'l-'l| ll"'_". respectivelv, of whilch to g Lirst
rptesimation only the ¥, lovels are Inhiared active, In the formal

an ool Heehit ' the daplacemenm s ol these Indlivfdual sabloevels trow



the manifold origin Lls determined by constants designated, for the »,
ludder, G,, and T ;. 3) The broadening of the vibrational levels by
rararional scruccture, This hroadenirg ln the case af v, of SF, 1s of
the order of 135 cm* ‘Fig. a(b)!, but differs for othar vibrational
vevels, especially those In which additional branch cransitions are
Allnwed: vitv of CF_discussed I(n §4 Is an example of this.

In principle, two vibrational manifolds in rhe mw, ladder ol a
ipherical rop-- sav the v, tundamenral itsell and one overrone-- vield
*he values ot the effective harmonic frequency and of the principal
atharmonleiry constants X,,. ¢,,, and T,, that are needed ro specifv the
ladder srructure. For tetrahedral specles, this is relatlvely
straightforward; hut for octahedral molecules, 2v, « 0 isg dipole tor-
bidden, and rhese ronstants must be deduced vither from the vorv weak
second overtone (Jv, = 0) or from double-resonance spectroscopy of hut

hands such as 2uJ cv,.

For SFB, several studies of the v, overtone (2828 ¢m') were

made using grating'? and FTS™ data, but cl‘u assignments and analyain
remained In question until a Doppler-limited spectrum recorded with .
Jifference-frequency spectrometer was analyzed by Pine and Roblotte,™
and later in more detall by Patterson et al.'’ Some of these con.
stints were also narlved from the ‘!"ua ~ v, transitlion seen in a dou-
ble-resonance pump-probe experiment.’™ Some absorptions seen In spec-
tra of the v, region ohtained with high-intensity sources (ca. )
MW em™) conld fm assigned to two-photon resonances betveen the pround
state arnd v, 37 The nv, ladder of SF, L3 now perhaps as weil nnder-
stood as that of any molecule.

A Jditference-frequency specirome!er has been used to vecord b
ot SiF_at 09 cm 1 and values of x”. G”. and T” were obtalned [rom
the analvsis, "™ '

Recently, an attempt at a similar analysis, using tanable diode
L sier spectra, was made for Jv, of UF, (1876 cm Ho'' The dittleultfes
ta 'his work ware severe, tor the low vapor pressure of UF regquined
pathlengths of up to 400 m, and even then only Q-branch transitions
could be assigned. Nevertheless, It was possible 1o derlve two vilna
tion-rotat "on interaction constants, which agreed with those abtained
trom the v, fundamental,.?? and three pure vibrational parameters that
determine the structure of the v, lLadder.  While some uncertabotes
temalned, there was general agreement with the results ol pulse probe
-u-.n-.nr--:m-nl-; on the v oo v, transition that w@were reported <imalt e
NETEN R

Sch studles of wlbhrational ladders have led 1o several o aten
ey coneluglons about the gatwme of exelted vihrat lonal states n
P tor example, the three componnents of the depenerate v wtaetch
s, modke e stronply coupled, sihational copular momentam s impon
cant, el its gquantum number ¥ s approprbate to label the g
ety devel aplitrings, At the apposite extreme, the lapege 1T
cojecnle s ancoapled wihrat fonal motfon with strong Tocalleation of
“he  thtee neieidual components ot e, the splittings e e

et thedd with separate prantum numher s n,. h,.on, fear each of the



*hree orrhogonal motions. SF, is an intermediate case and must be
"lreated as a4 mixture of both tvpes of motion. These casea are dis-
ciasiiedd 1n more detail In Ref 37, The implications of these difter-
ctwees tor the Jditfering phorochemical behavior of these molecules is
: hepginning to he explored.
Y Arharmonicity and Higher Vibrational Levels In General

For the interpretation ot photochemical experiments, the hipher
tevels of the pumped frequency (l.e., the nv, ladder tor the spheri-
cal-top molecules we have been discussing) have attracted the mo-:
1tentlon, as diseussed in §9%.1. The cuncept of anharmonicity, vype-
vially the ¢tfect of the constant L here becomes crucial. For it a
sinple-trequency laser pumps a molecular transitlon, resonance can be
maintalned for onlv the tirst tew levels, after which the etteect ol
X, will detune the molecular absorption from the pump frequency.
Absorption can still take place, of course, It thls deruning Is at
least partially compensared far by anharmonic splitting of the higher
lovels (f{.v., the etfects of G,, and T“). plus the Influence ol rnta-

tional structure, both of which can significantly broaden the higher
level transitiors,

Despite this inevitable attention to the mv, levels, it mist be
temembered that any molecule with n fundamentaly has n(nil) /2?2 anhar-
monicity constants X poverning the varlous paossible overtone and
combinat lon levels, A full understanding of the excited-state strue-
tare tegqulres that these be studled In addition to the v ladder. As

one exampie, the gtace v ivy In SF, s at 991 cm ' just .-|In‘W|- p,oat A
cm L amd [t was proposed carly In the study of SF. photochemlstry that
hivher combinations of vty could help compensate for the anhavenie
ity -I:-lunlnp,, through Ferml resonance bhetweon nw, and  (n Jae N
i, T " uther areas o which these consfderat{ions become fmportant e
nocptantitat fvely aceounting for the (atensities of comblnat low W ds,
s lerstending sibrational  amplltudes In high-temperature loction
dittraction experlmenty, and o the assipnment aud Interpretad fon ol

A rteasonably detalled stwly of  5F overtone and combinat tan
bade has boeen made with a Fourler-transform Instrument at a 1esoln
g ot 009 cia b4 Tyenty nine bands were obrerved, ot which i
had suttfelontly 1esolved rotational stracture for a polynomtal v o
he made, vielding such spectroscople constanta as the band s ipin and
terized values ol the aotational constant change AR = R Bt the
o tolis constant ¢ An oxample [y "|".|'~| showny In Flp ! Hepoo the
ool s constant G measure of the el at lonal angnla momentum v
ool to he 7 = 0 22y Lbhout the value [m v, il i, =0 AN B
et aring, that, aq expected, the preseme of the o excitatlon does
vt tect thia awpect of sihrat{on 1ntat fon |||l|-|.||'lL|||

iar 10 other anrasalved bands, acomrate estimates of  the baned
tivain ol e omade Trom the Dresuemne sy of “harp 0 hanch odye
CaEt oo o pated hiot band transtofons caome ol which cond he ot
ranal e cealuwsed o Hinal o data o aet of same a0 freguene Desowas el
e o determine the 1 mbaogmonde ity constant s ol S, reptaldn s am
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".2 Fig. ! One
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| er vibra-
" tlonal tran-
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¢ recorded  at
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plications peculiar to spherical tops atfect thls tltting procedure,
amd in some cases [t was necessary to sett le for "ol Fect Ive” constant s
2.0 bhut in peneral the natare of the anharmonlcelty was olearly
tevealed " AL bhut one constant (X,,) could be detoermined, many with
wenracies of 0,00 em ' or better. Almost all the consiants are negd -
fpve. and are less than 4 em ! in absolute magnitude,  As @ by prod
e, aceurate values ot the tundamentals v, aid v wore derived; v, A
Paman aetive only, and has never boeen resolved, while v, L hath
introed  and Raman-inact {ve. Improvement on these data would regulre
tall Doppler limlted or sub-Doppler spectra and analysen of cach com

Lo ton anld overtone, a formidable task,

those vconsitants can bhe uned to copstruct a vibratlonal onenpy
vewel diaprtam, Fig, 8% Even with the extenslve spectroscople wnk
an SFE L it s necessary to make cortaln assumpt lons regarding the sab
Pl i rotat fonal structure of most of the levels, as 'ndleatod in
*he captfan to Flg. B, Thia <t represents one ot the more aecurate

prcttong of extenslve exeltod state wtpnenme that s aeailable 1
e molecule. Exeltation of the v, Laddery 1 Indleated In the (e,
Copether with some tepleal ueanr resonant collislonal parthways ont ot
e Lo It 1% 1o be noted that atter only o few o quanta ane

deannhedd, a e cont limmim of Tevels {4 aeces thile by Teabkage foom the:
Tadhder vepectally Into hilgher states of the hending modes

o oother heavwy spherfeal tap has been treated g extensively e
LTI T LT FERRTY B W o ."| A =ttt has bheen made om o ather o ombiina

' e e W
oot il ey topen Other than ".l of ll".

only e, e heeen
-.""'-'|-'.-|""| 1t oany detall uh It {s till |"""'”'|" Per o Ve t ()

P e e lee, .||||n|lx||||.lll'|‘.' ol t |“.|l',l-llll': Iill' I'II', ". 'a.'llllll rotn
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Padder Fhe levels arve labeled with the stretehing quantum oo
Pevs oy i ol 1 b0 the bend Doy, gquantuam numbesrs o non 0oan
Al and b0 and all osdw In Colow For vibrational states othe

Chon e and Y ambbamendte splbortngs of hitgher cthrac fonal
faldy were abltrar (1w amsuned to he 1oem ' amd o oach abbesel was
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6. VIBRATLONAL STATE DENSITIES AND PHOTOCHEMISTRY

An excellent critical discussion ot laser-induced multiphoton
cxeitation and dissociation of polyvatomic molecules is pgiven by Lyman
roallt They point out that the density of vibrational states i
voertaps the most important molecular propertv in determinlng multipho-
ton-absorption characteristics: this state densitv detines the quasi
continuum reyion, Jdetermines the unimolecular reaction rate in RREM

heory, andd Jdopinates the theory ol intermode vnergy tlow.

oy

CJalealation ot the density ofF vibrational states tor real wmole
Pes can bhe o lengthy process, and approximat{ion methods are asualle
s, Fhe hest-known ot these is the Whitten-Rabinoviteh tormula, ™’
which pives the density of states N(E) at vibrational enerpy Foas oa
tunction ot just four molecular parvameters: the muber ob vibrational
deprees of trecdom, the arithmetic and geometric means of the tamda
pental vibrational trequencics, and a trequency dispersion parameter
whivh is also calealated trom the frequencles.  This formula is based
on a "corrvesponding vibratlonal stotes” approximation, and inclhuwles an
vigpi cleal correction parawneter whose form was establlshed by fittine

to divectly-caleulated state densitles tor a varlety ot molecules,

We have andertaken an exact computation of the density ot vibra

tional  states tor a series of sphervical - top molecules, with the
abjectys ot Y comparing these results with approximation methods,
cowh as that of Whitten and Rablonoviteh, and (M) determining the
ctteer of anharmonicity It should be emphaslzod that tor «spherfeal
op molecules, which have triply degenerate fow-frequency Fending tan
Aaeentals, the state density can be extremely high even with only mail
crate amounts oo vibrational excitatlion.  Hence the intervest in anhar
aomietty, which can have a much  pgreater ebtect on hiphly exeitoed
tates than 1t does on levels with nos 3 vivwat lonal puanta, which are
fhe ones usually encountered In spectroscopy,

Examples ol these calealatfons for a tew molecules at low ihia
ctomal e etes e shawn In Table 20 We note that the Whitten Rabi
ovttoh appioxikation s guite satlstactory at lower enerpies, hal
coentual Iy anbuirmond ettty beging to exert a sipnltleant ellect For
0 whose anharmonte constants are the bhest charvacter Laod among, the
feeavy wpheraeal tops, the Tnereane in NoED due to anharmondeity 1
okt = 000 em ', 1Hw at 10,000 em ' octhese calues Trom Fable 0o
el v reached s o 19,000 cm !
o vhow o sdml Lo Inereasea at o equiealent tate dens bt ey IR VRN IR

Other molecnales wonld he ovpectodd

sy small Increase for |'|"n At S000 cmt fa oan nttact, e ta e
v that the bending anhmimonteity In thts molecale Da ey poondy
Vot l.'l'll.'.‘ ated hiaa |lln|l.||||'.' been vmederest faat ed o0 .'i'll'”'_._

e anbatmonde tey ol the low fregqueney SNioo 0 harned s ot w0y o

s vempletely mbnown, o the anharmonte cabonlation can no! e s

Do ol anterest s the preat contbast hetween Che cdtheat ranad

Cetween M NYETI B A A wl I - l'l,“”” vm Tht- i, of o e Hoe
- -
o the prenene e o the ey low Pregquene sy b o losaony e ponued

s te pecedine paragraph, whibch hoese o vt erpan toon wme b



Table 2. Vibrational State Densities for Some Spherical Tops®

N(E,), levels/cm !

Molecule £, = 1000 cm 5000 cm'! 1oco cm

;‘lll' 10.002) 0.0 (0.9

Sk (0. 12) 0.16 (/9) 87 (1690) H040

5K, (015 0.17 (1090) 1160 _ (7.2x10™ 6. 110"
UF, 1Y 17 (2.4x10% 2.6x10” (3.6<10M

NiCoy C18%) (2.06x10% (Loos1oi

* The tigures {n parentheses are the state densitles in the harmounic
approximation, from the Whitten-Rabinovitch formula; the ather Lipgures
are the actual summed state densitles witrh anharmoniclry (ncluded

vhviously the photochemical behavior of the molecules In Table ) will
he wvery ditterent A full discussion of these results, including
plots like that ot Flg., 8 for other specles, and a detailed vibra-
tional state densicy plor for all ot these molecules for E <« 145,000
em L ois in preparation.* .
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